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There is a lack of data and guidance on soft exoskeleton pressure contact with the body. The 
purpose of this research was to study the relationship between circumferential loading at 
the knee and discomfort/pain, to inform the design of soft exoskeletons/exosuits. The 
development of discomfort and pain was studied during standing and walking with 
circumferential compression using a pneumatic cuff. 
 
Our results show higher tolerance for intermittent than continuous compression during 
standing. Discomfort was triggered at pressures ranging from 13.7 kPa (continuous 
compression) to 30.4 kPa (intermittent compression), and pain at 52.9 kPa (continuous 
compression) to 60.6 kPa (intermittent compression). 
 
During walking, cyclic compression caused an increase in discomfort with time. Higher cuff 
inflation pressures caused an earlier onset and higher end intensities of discomfort than 
lower pressures. Cyclic cuff inflation of 10 kPa and 20 kPa was reasonably well tolerated. 
 
Practitioner summary: Soft exoskeleton compression of the knee was simulated during 
static and dynamic compression cycles. The results can be used to understand how users 
tolerate pressure at the knee, and also to understand the levels at which discomfort and 
pain are experienced. 
 





Exoskeletons are wearable robots used in medical, military and industrial settings to assist 
with locomotion and gait rehabilitation, and to augment human strength and performance. 
Traditional exoskeletons are hard and impart torque assistance to the joints while also 
supporting the body and transmitting loads to the ground. They typically consist of rigid 
segments, composed of materials such as carbon fiber, aluminum and steel (Li et al., 2015). 
Recent developments have been directed towards low profile, low-weight robotic devices 
composed of textiles and similar soft materials, referred to as soft exoskeletons, also 
termed exosuits (Asbeck et al., 2014). 
 
Exosuits often apply tensile forces across joints to actuate movement, and do not restrict 
natural gait. They do not ordinarily provide an external standing support to the body, but 
rather rely on the wearer’s own bone structures to sustain all the naturally occurring 
compressive forces (Asbeck, De Rossi, Holt, & Walsh, 2015). However, certain abnormal gait 
patterns require joint stabilization/stiffening as well as actuation. These commonly occur in 
the growing elderly population and are often associated with medical conditions, typical for 
older age. For example, knee buckling with weight-bearing can occur in arthritis and certain 
psychogenic gait disorders (Alexander, 1996; Lempert, Brandt, Dieterich, & Huppert, 1991); 
hemiparetic gait associated with stroke can present with increased knee flexion, reduced 
knee flexion followed by knee hyperextension, or excessive knee hyperextension in the 
stance phase (Woolley, 2001). Knee hyperextension may lead to abnormal gait, unbalance, 
increased risk of falling, and knee osteoarthritis among older adults (D’Gasper, Bains, 
Sadeghi, & Kumar, 2018; Noyes, Dunworth, Andriacchi, Andrews, & Hewett). In the swing 
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phase of hemiparetic gait, decreased knee extension prior to heel strike may occur, as well 
as decreased ankle dorsiflexion which leads to reduced floor clearance by the foot and toe 
dragging or compensatory circumduction of the leg (Balaban & Tok, 2014). Dropfoot, and 
ankle and knee instability among other post-stroke abnormalities can lead to significantly 
decreased walking velocities (Goldie, Matyas, & Evans, 1996). Hence, stabilization of joints 
by some exosuits is important, in addition to actuation. 
 
One option to stabilize joints is already used in inflatable splints (Taly, Nair, Murali, & 
Wankade, 2002) that prevent joint movement by applying circumferential compression. A 
similar mechanism could be implemented into exosuit design due to the flexibility of the 
required materials, and the possibility of compression magnitude, duration and frequency 
control. However, in order to avoid the wearers’ discomfort and prevent tissue damage, the 
physical human-robot interface needs to be carefully designed. 
 
Circumferential compression of the limbs causes mechanical loading of the soft tissues, 
mainly skin, adipose and muscle tissue that are compressed against the underlying bone. 
Excessive mechanical loading can lead to soft tissue injury and cause pressure ulcers due to 
localized ischemia, impaired lymphatic drainage, elevation of local lactic acid levels, 
reperfusion injury or sustained deformation of cells (Agam & Gefen, 2007; Bouten, Oomens, 
Baaijens, & Bader, 2003; Reenalda, Jannink, Nederhand, & Ijzerman, 2009; Stekelenburg, 
Gawlitta, Bader, & Oomens, 2008). The risk for soft tissue damage due to external 
mechanical loading depends on: (1) the nature of the loaded tissue, i.e. its thickness, tone, 
mechanical stiffness, integrity, and the proximity of bony prominences  (Agam & Gefen, 
2007; Linder-Ganz & Gefen, 2009; Oomens, Loerakker, & Bader, 2010; Sangeorzan, 
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Harrington, Wyss, Czerniecki, & Matsen, 1989; Tamez-Duque et al., 2015); and (2) the 
nature of the loading, i.e. its magnitude, direction, distribution, duration and loading cycle 
frequency (Bader, 1990; Mak, Zhang, & Boone, 2001; Stekelenburg et al., 2008). Due to the 
many factors influencing the risk for soft tissue damage, safe thresholds for external 
mechanical loading can not only be based on interface pressures at load-bearing sites of the 
body (Agam & Gefen, 2007; Bouten et al., 2003; Oomens et al., 2010; Reenalda et al., 2009). 
 
In previous studies, we addressed the magnitude and duration of mechanical loading in 
combination with discomfort and pain. In two systematic reviews, we focused on cuff 
pressure algometry as a surrogate for circumferential compression as in exosuits for 
patients and non-patients (Kermavnar, Power, de Eyto, & O'Sullivan, 2018a, 2018b). 
Separately, we conducted experiments in the context of circumferential compression at the 
thigh and calf using different sizes of pneumatic cuffs and inflation patterns for static 
(standing) and dynamic (walking) conditions (Kermavnar, 2019; Kermavnar, O'Sullivan, de 
Eyto, & O'Sullivan, 2019). Cuff inflation pressures that caused pre-pain discomfort 
(Discomfort Detection Threshold - DDT) and pain (Pain Detection Threshold - PDT) were 
assessed in addition to deep tissue oxygenation changes. 
 
During standing, we found mean DDTs ranging from 12.0 to 32.2 kPa, and mean PDTs 
ranging from 35.8 to 61.2 kPa (Kermavnar et al., 2019). In both cases, compression was best 
tolerated during staircase inflation of the widest cuff at the calf, and worst during ramp 
inflation of the widest cuff at the thigh. During walking, the mean DDTs ranged from 14.1 
kPa to 27.5 kPa, and mean PDTs ranged from 43.4 kPa to 60.3 kPa (Kermavnar, 2019). In 
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both cases, compression was best tolerated during staircase inflation of the narrow cuff at 
the calf, and worst during ramp inflation of the wide cuff at the thigh. 
   
While discomfort and pain thresholds have been identified at anatomical sites with larger 
volumes of muscle tissue, little is known about the relationship between mechanical loading 
and discomfort across bony joints. Thus, in this current work we focus on circumferential 
compression as applied by exosuits at the human-robot interface, extending our previous 
studies to the knee. By gaining insight into discomfort and pain, we aim to establish 





2.1 Study overview 
The experiment was performed in two stages: (1) with the participants standing still (static 
conditions), and (2) with the participants walking on the treadmill (dynamic conditions). 
 
In static conditions, DDTs and PDTs at the knee were assessed as dependent variables, with 
the inflation pattern (i.e., loading magnitude and duration) as the independent variable. 
 
In dynamic conditions, discomfort and pain were assessed during cyclic loading. Four tests 
were performed at the knee with cyclic cuff inflation, and the pressure magnitude, duration 
and cycle frequency as the independent variables. The following dependent variables were 
obtained (Figure 1): the number of compressions until the onset of discomfort (No. of 
compressions to DDT); the number of compressions until the onset of pain (No. of 
compressions to PDT); and the rating of discomfort at termination of the experiment, i.e. at 





Figure 1: Typical recording output during walking (4.3 km/h) and intermittent cuff inflation at the knee (40 
kPa). DDT – Discomfort Detection Threshold, PDT – Pain Detection Threshold, EndVAS – Discomfort rating at 
termination of the experiment. 
 
2.2 Participants 
Healthy volunteers were recruited from the University of Limerick. Volunteers were 
excluded from the study if any of the following criteria were present: (1) BMI ≥ 30 kg/m2; (2) 
current musculoskeletal, neurological, circulatory or endocrine condition or injury; (3) acute 
or chronic pain or muscle soreness resulting from vigorous exercise in the previous 48 
hours; (4) current use of medication which interferes with sensory systems. 
 
The study was approved by the University of Limerick Research Ethics Committee. Signed 





2.3.1 Cuff inflation rig. A custom-made computer-controlled inflation device was used, 
designed by DesignPro Ltd (Rathkeale, Ireland) according to the descriptions of similar 
equipment employed in algometry. The device consists of a computer-controlled air-
compressor, connected to a pneumatic tourniquet cuff, and a 100-mm electronic Visual 
Analog Scale (VAS) for continuous rating of perceived discomfort. Two pre-programmed 
inflation patterns were used in static conditions: (1) the staircase pattern with incremental 
rapid inflation to target pressures (10, 20, 30, 40, 50, 60 kPa), 2 seconds of target pressure, 
rapid deflation, and 8 seconds of no compression; and (2) the ramp pattern with continuous 




Figure 2: Static conditions: staircase inflation pattern (left), ramp inflation pattern (right). 
 
In dynamic conditions, pneumatic cuff inflation was synchronized with the participant’s 
walking cycle by means of a foot switch attached to the controller of the inflation rig. The 
cuff was rapidly inflated to the pre-set pressure at heel strike of the dominant leg, and 
deflated at heel off (Figure 3). Four separate measurements were performed at cuff 






Figure 3: Dynamic conditions: pneumatic cuff inflation at heel strike, deflation at heel off. 
 
2.3.2 Pneumatic cuff. A pneumatic cuff (Hokanson Rapid deflate SC12D) was positioned at 
the dominant knee, loosely wrapped with a non-elastic adhesive tape (Leukosilk, BSN 
medical GmbH, Hamburg, Germany) to ensure an even distribution of pressure, and secured 
in place with Velcro straps attached to a waist belt (Thermoskin Adjustable back stabiliser, 
United Pacific Industries Pty Ltd, Kilsyth, Australia) at the front and back to prevent it from 





Figure 4: Pneumatic cuff mounting on the body. 
 
2.3.3 Discomfort. During inflation, the participants continuously rated discomfort at the 
knee on a 100-mm electronic sliding VAS, with values ranging from 0 (no discomfort) to 10 
(unbearable discomfort). The scale was based on the VAS of pain intensity and the Borg 
CR10 scale that are used in algometry studies (Borg, 1998; Jensen, Chen, & Brugger, 2003; 
Lofgren et al., 2018). The participants were requested to terminate the inflation when the 
compression became “painful” by pressing the “stop” button. The participants’ discomfort 
was continuously sampled and monitored at 10 Hz. The inflation pressure at termination 




The participants attended a single testing session. Prior to beginning the experiment, 
written informed consent was obtained and participants were asked about their health 
status to ensure that they did not have any of the conditions that would preclude them 
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from taking part in the study. Next, the following information were recorded: participants’ 
age, sex and engagement in sports. Anthropometric data was obtained, including stature, 
body mass and dominant knee circumference at mid patella. Ambient temperature and 
humidity were also recorded. 
 
The testing was first performed during standing to ensure that none of the pre-set pressures 
during walking exceeded the participants’ individual pain thresholds. The order of the tested 
inflation patterns during standing and inflation pressures during walking was randomized.  
 
 
2.4.1 Standing (static conditions) 
The pneumatic cuff was mounted over the knee with the centre of its bladder over the 
centre of the patella. The cuff was then inflated using the ramp or staircase inflation pattern 
while the participants stood still. During inflation, the participants continuously rated their 
perception of discomfort on the VAS. Cuff inflation continued until they started to feel pain 
rather than just discomfort, and they terminated the inflation by pressing the “stop” button. 
In case pain did not occur, the inflation was automatically terminated at 60 kPa. After the 
inflation, participants were provided a 2-minute rest, and the procedure was repeated with 
the other inflation pattern. 
 
2.4.2 Walking (dynamic conditions) 
The pneumatic cuff was positioned as described above. The foot switch was placed inside 
the participant’s shoe, under the heel. The treadmill speed was increased to 1.2 m/s, i.e. the 
walking speed necessary to safely cross the street (Amosun, Burgess, Groeneveldt, & 
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Hodgson, 2007; Asher, Aresu, Falaschetti, & Mindell, 2012; Romero-Ortuno, Cogan, 
Cunningham, & Kenny, 2010). Each participant completed four sessions of walking with 
intermittent cuff inflation to the pre-set pressure, one for each pressure level. They again 
continuously rated their discomfort on the VAS and were asked to press the stop button at 
the onset of pain. In case pain did not occur, each session was terminated after 180 
seconds, and the sessions were separated by 2-minute rests. The choice of walking and 
resting duration was based on previous studies (Khanian, 2015; Park et al., 2010; Sloot, van 
Der Krogt, & Harlaar, 2014; Yamasaki, Sasaki, & Torii, 1991, (Kermavnar et al., 2019) and a 
preliminary experiment. 
 
2.5 Data analysis 
All data were analyzed using IBM® SPSS Statistics software Version 25, with significance set 
at p < 0.05. Two one-way repeated measures ANOVAs were performed with (1) inflation 
pattern as the within-subjects factor, and DDT and PDT as dependent variables; and (2) 
inflation pressure as the within-subjects factor, and No. of compressions to DDT, No. of 
compressions to PDT and EndVAS as dependent variables. Within-subjects effects were 
assessed using an F-test with Mauchly's test, and Huynh-Feldt or Greenhouse-Geisser 
correction for violation of sphericity was applied as necessary. 
 
Numerical data are presented as mean and standard deviation (SD), and the error bars in 





3.1 Participants and environmental details 
This study included 25 healthy participants (12 female, 13 male) aged 19-57 years (median 
age: 22 years), recruited from the University of Limerick. Seven females and eight males 
reported that they engaged in sports. Participants’ anthropometric data are summarized in 
Table 1. Ambient temperature and humidity during testing were 23.3°C ± 0.3 and 35.8% ± 
6.2 respectively. 
 





















Mean 1775.2 77.7 24.5 384.7 1675.8 65.1 23.2 371.5 
SD 69.1 11.1 2.1 25.9 69.8 5.9 1.7 16.8 
Median 1766.0 77.2 24.2 380.0 1674.0 65.5 23.4 374.5 
BMI – body mass index, SD – standard deviation 
 
3.2 Standing (static conditions) 
The mean and standard deviation values of the discomfort rating at termination of the 
experiment, the DDT and PDT depending on inflation pattern and the results of ANOVA are 
presented in Table 2. The inflation pattern had a highly significant effect on EndVAS, DDT 
and PDT (p < 0.01). With the ramp inflation pattern, discomfort and pain were triggered at 





Table 2: Mean discomfort rating, discomfort and pain detection thresholds, and the results 
of repeated measures ANOVA for standing.  
Inflation pattern EndVAS (0-10) DDT (kPa) PDT (kPa) 
Ramp 6.8 ± 1.8 13.7 ± 5.6 52.9 ± 12.7 
Staircase 3.8 ± 2.1 30.4 ± 11.2 60.6 ± 3.9 
ANOVA    
Inflation pattern 
p = 0.001* 
(F(1,24) = 57.25) 
p = 0.001* 
(F(1,24) = 58.64) 
p = 0.003* 
(F(1,24) = 11.35) 
DDT – Discomfort Detection Threshold, PDT - Pain Detection Threshold, EndVAS – Discomfort rating at 
termination of experiment. N = 25 
 
 
Figure 5: Rating of discomfort at termination of the experiment depending on inflation pattern. 
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Figure 6: Inflation pressure at onset of discomfort (left) and pain (right) depending on inflation pattern. 
 
3.3 Walking (dynamic conditions) 
Twenty-three participants completed the dynamic phase of the experiment (two sets of 
data were excluded due to artefacts). The mean and standard deviation values of the 
discomfort ratings at termination of the experiment; the DDT and PDT by inflation pressure 
for walking, and the results of ANOVA are presented in Table 4. All participants felt some 
degree of discomfort at 40-kPa inflation pressure, but not all at lower pressures. None of 
the participants reached their pain threshold at inflation pressures 10 and 20 kPa, and only 
3 and 4 terminated the experiment due to pain at 30 and 40 kPa respectively. 
 
The inflation pressure had a highly significant effect on EndVAS and DDT (p < 0.01), but did 
not significantly influence PDT (p = 0.07). Higher inflation pressures caused higher intensities 
of discomfort (Figure 7), and the discomfort to occur earlier (Figure 8).  
 
Table 3: Mean discomfort rating, discomfort and pain detection thresholds and the results 




EndVAS DDT PDT 
N VAS (0-10) N No. of compressions to DDT N No. of compressions to PDT 
10 23 0.8 ± 0.8 17 54.6 ± 39.9 0 - 
20 23 2.1 ± 1.6 21 35.8 ± 38.9 0 - 
30 23 3.9 ± 2.6 22 19.3 ± 23.2 3 117.7 ± 37.6 
40 23 5.1 ± 2.7 23 16.7 ± 19.5 4 107.3 ± 51.7 
ANOVA    
Inflation pressure 
p = 0.001* 
(F(3,66) = 37.59) 
p = 0.001* 
(F(3,45) = 9.72) 
p = 0.070 
(F(1.7,37.9) = 2.97) 
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DDT – Discomfort Detection Threshold, PDT - Pain Detection Threshold, EndVAS – Discomfort rating at 
termination of experiment, N – Number of participants (of 23) that reported DDT/PDT. 
 
 
Figure 7: Rating of discomfort at termination of the experiment in dynamic conditions, depending on inflation 
pressure. The inflation pressure had a highly significant effect on discomfort intensity (p < 0.01). 
 
    
Figure 8: The number of compressions to the onset of discomfort (left) and pain (right), depending on cuff 
inflation pressure. The inflation pressure had a highly significant effect on DDT (p < 0.01), but no significant 




4.1 Standing (static conditions) 
Phasic compression was tolerated better than tonic compression, presumably due to short 
durations of tissue loading and the resting periods between the stimuli. Compared with 
anatomical sites tested in our previous study, i.e. the thigh and calf (Kermavnar et al., 
2018a), the knee is geometrically irregular with prominent bony protuberances, small 
volumes of soft tissues, and superficial course of blood vessels and nerves. As muscle tissue 
in the compressed area is scarce, higher tolerances for circumferential compression could 
have been expected at the knee than at the thigh and calf. However, simultaneous nerve 
compression was expected to increase the discomfort. According to the results, both DDT 
and PDT at the knee tend to be higher than at the thigh (higher tolerance for compression), 
but lower than at the calf (lower tolerance for compression). Nevertheless, the intensity of 
discomfort was rated lower at the knee than at both other assessment sites (Table 6). 
 
Table 6: Comparison of mean DDT and PDT values at different assessment sites, obtained 
with pneumatic cuff width 12 cm. 
Inflation pattern 
Mean DDT (kPa) Mean PDT (kPa) 
Knee Thigh* Calf* Knee Thigh* Calf* 
Ramp 13.7 12.3 21.5 52.9 39.5 56.1 
Staircase 30.4 23.4 31.7 60.6 59.5 61.2 
*Source of data: (Kermavnar et al., 2019) 
 
4.2 Walking (dynamic conditions) 
Higher inflation pressures in general caused an earlier onset and higher intensities of 
discomfort. Interestingly, six participants did not experience any discomfort for the 10-kPa 
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treatment, and the overall rating of discomfort was extremely low at 0.8 mm. Moreover, 30 
kPa that was the mean DDT for staircase inflation during the static conditions did not cause 
discomfort in all participants, but simultaneously triggered pain in three. In addition, the 
number of participants that experienced pain at 40 kPa (i.e., 4), and the overall discomfort 
score (i.e., 5.1 mm) were unexpectedly low. 
 
The frequency of compressive stimuli was directly related to the participants’ cadence and 
hovered around 1.1 Hz for all inflation pressures. Previous algometry studies have shown 
that a series of identical painful stimuli applied with a frequency above 0.3 Hz causes a 
gradual increase in perception of pain, a phenomenon known as Temporal summation of 
pain - TSP (Anderson et al., 2013; Graven-Nielsen & Arendt-Nielsen, 2008; Graven-Nielsen, 
Vaegter, Finocchietti, Handberg, & Arendt-Nielsen, 2015; Latremoliere & Woolf, 2009; 
Staud, 2013; Vaegter, Handberg, & Graven‐Nielsen, 2015). Apart from the frequency, the 
stimulation intensity and the initial stimulus being painful were also found to be important 
for evoking TSP (Finocchietti, Arendt-Nielsen, & Graven-Nielsen, 2012). In this study, 
participants’ discomfort generally increased with time throughout the experiment, leading 
to the development of pain in 7 cases when higher inflation pressures were used. This 
indicates that even non-painful stimuli can trigger a similar mechanism to that seen in TSP. 
 
Furthermore, algometry studies suggest that adaptation to pain occurs in the case of 
sustained, but not oscillating compression (Graven-Nielsen et al., 2015; Polianskis, Graven-
Nielsen, & Arendt-Nielsen, 2002; Vaegter et al., 2015). However, despite the predominant 
pattern of gradually increasing discomfort in this study, three participants also experienced 
an initial increase, followed by a decrease in discomfort, which might indicate the possibility 
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of adaptation to non-painful cyclical compression. This pattern occurred with low, as well as 
high pressures, i.e. it did not seem to be influenced by pressure magnitude. 
 
4.3 Application of the results to exosuit design 
The findings of this study can be used in the design of wearable robots that apply 
circumferential compression across the knee. However, the majority of research around 
human-robotics contacts has focused on interface pressure rather than cuff inflation 
pressures, thus the following regression equation predicting interface pressure from 
inflation pressure was developed in associated research (Kermavnar, 2019): 
 
Interface pressure at the knee = - 11.128 + 1.379 Inflation pressure + 0.518 Cuff width (R2 = 
0.876, p < 0.001) 
 
The interface pressures measured at the knee during cuff inflation to each of the used 
inflation pressures are presented in Table 5. 
 
Table 5: Mean (SD) interface pressures, corresponding to cuff inflation pressures at the 
knee. 
 
Cuff inflation pressure (kPa) Interface pressure (kPa) 
13.1 9.8 (2.8) 
22.7 27.0 (3.4) 
32.1 42.4 (3.2) 
42.1 54.6 (3.3) 
51.6 65.5 (4.3) 





During standing, inflation pressures up to 13 kPa (and corresponding interface pressures up 
to 14.2 kPa) are well tolerated by healthy participants. If joint stabilisation is needed in 
static conditions, short cycles of compression are preferred over longer durations of 
compression, thus only loading the tissues when needed to correct deviations from natural 
joint position. During walking at a considerable pace for 3 minutes (cadence 1.1 steps/s, 
walking distance 215 m), with knee stabilisation between heel strike and heel off, minimal 
discomfort occurs at cuff inflation pressures up to 20 kPa (interface pressures up to 23.5 
kPa). Discomfort might also be attributed to cuff shape and material, and thus could be 
avoided by cuff design that allows for natural knee movement in deflated state, while still 
providing sufficient assistance when inflated. 
 
4.4 Limitations 
This study was performed on healthy participants, and additional testing is needed for the 
findings to be applicable to the more vulnerable population of potential exosuit users with 
abnormal gait, such as older age adults and post-stroke patients. Moreover, during the 
dynamic stage of this study the actual cuff inflation pressures slightly differed from the 
target inflation pressures due to the high inflation/deflation rates (13.1, 22.7, 32.1, 42.1 kPa 
for the target pressures 10, 20, 30 and 40 kPa respectively). In some cases of high inflation 
pressures and frequencies, the deflation rate did not allow for full deflation of the cuff, thus 
restricting knee flexion during the swing phase. In addition, walking at 1.2 m/s might have 
caused additional discomfort due to fatigue, or influenced the rating of discomfort due to 
distraction. Despite detailed instructions, the rating of the pre-pain discomfort seemed to 
be highly subjective and dependent upon participants’ previous experiences, as reported in 
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previous studies (Buckle & Fernandes, 1998; Mukhopadhyay, O’sullivan, & Gallwey, 2007; 
Shen & Parsons, 1997). Finally, the rating reflects the participants’ short-term experience 
with the pressures applied. However, the effects of prolonged long-term exposure to such 
mechanical loading remain unclear. Similarly, the biological effects of long-term intermittent 
mechanical loading of the tissues need to be further investigated. Several studies have 
found beneficial effects of intermittent pneumatic compression on fracture and soft-tissue 
healing after trauma (Airaksinen, Kolari, & Miettinen, 1990; Arvesen, Nielsen, & Fogh, 2017; 
Khanna, Gougoulias, & Maffulli, 2008) due to upregulation of collagen type I synthesis 
(Abdul Alim, Domeij-Arverud, Nilsson, Edman, & Ackermann, 2018). However, the pressures 
used would appear to be considerably lower than those presumably required for joint 
stabilisation. Thus, future studies are necessary to provide reliable information on safe 
pressure thresholds applied by soft exoskeletons in realistic settings. 
 
5. Conclusions 
This study addressed mechanical loading magnitude, duration and frequency at the knee 
during standing and walking, to inform the design of exosuits. For the purpose of soft tissue 
injury prevention, the development of discomfort and pain were studied during 
circumferential compression. 
 
Our results show that both discomfort and pain were triggered at significantly lower 
pressures during continuous as compared to intermittent compression during standing, with 
mean DDTs 13.7-30.4 kPa and mean PDTs 52.9-60.6 kPa. Thus, intermittent rather than 
continuous compression should be used for joint stabilisation during standing, especially 
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with pressures exceeding 13 kPa. In comparison to our previous findings, compression is 
better tolerated at the knee than at the thigh, but not the calf. 
 
During walking, cyclic compression of constant magnitude caused an increase in discomfort 
with time, in some cases to the extent of pain. In rare cases, the perception of discomfort 
diminished after an initial increase, indicating possible adaptation. Higher cuff inflation 
pressures generally caused an earlier onset and higher intensities of discomfort. Cyclic cuff 
inflation up to 20 kPa at cadence frequency during 3 minutes of walking was reasonably well 
tolerated with mean discomfort ratings up to  2.1/10 and no occurrence of pain. 
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